A methodology is developed for optimal structural topology design subject to several performance constraints. Eight-node solid elements are used to model the initial structure, which is a uniform solid block satisfying the boundary conditions and subjected to external loading. The Young modulus of each solid element or group of elements is used as redesign variable. A minimum change function is used as an optimality criterion. Performance constraints include static displacements, natural frequencies, forced response amplitudes, and static stresses. These constraints are treated by the large admissible perturbation methodology which makes it possible to achieve the performance objectives incrementally without trial and error or repetitive finite element analyses for changes in the order of 100-300%. Thus, the optimal topology is reached in about four to five iterations, where each iteration includes one finite element analysis and setting of an upper limit for the value of the modulus of elasticity to produce a manufacturable structure. Several numerical applications are presented using three different benchmark structures to demonstrate the methodology and the impact of performance constraints on the generated topology.
of loads, constraints, and restraints. Such restraints can be some performance specifications such as natural frequencies, static displacements, static stresses, and forced-response amplitudes. At the simplest level, this can be achieved by sizing optimization. Shape optimization takes the process to a higher level by modifying the boundary of a structure. Topology design is the ultimate form of structure optimization dealing with material distribution and material properties. Structural topology optimization is a fairly recent development. It first evolved from distributed parameter approaches to shape optimization. In optimizing the spatial thickness distribution of plate structures, Cheng and Olhoff (1981) recognized that regions of zero thickness were openings in plate structures. This technique was used in structural topology optimization by Kohn and Strang (1986) and was demonstrated by Bendsoe and Kikuchi (1988) utilizing a homogenization approach. The latter method formulated a homogenized elasticity tensor at the microstructure level to model a unit cell with a rectangular void. The dimensions and orientation angles of the voids are used as the design variables for the optimization problem to minimize the compliance of a structure subject to a volume constraint. Yang and Chuang (1994) used a material distribution method in which the material density is penalized to force the design variables to be either zero or one. In both methods, the goal is structural compliance minimization or structural stiffness maximization. Evolutionary structural optimization (ESO) was introduced by Xie and Steven (1993) by gradually removing low-stressed elements to achieve the optimal design using minimum weight or compliance as objective function. Recently, several papers have been published pointing to the similarities of structures appearing in nature and topologies evolved by topology optimization (Walters 2002; Mattheck and Tesari 2002; Pasini and Burgess 2002) .
The performance aspect of a structure is considered by using performance-based functionals. Generally, a performance-based topology design problem is to maximize one of the performances of the structure subject to pure cost constraints such as a volume constraint on structural material. Ma et al. (1995) maximized a set of eigenvalues of the structure subject to a volume constraint. However, the performance-based features of a structure can be any of the following or combinations thereof: static displacements, natural frequencies, forced dynamic amplitudes, and static stresses. The LargE Admissible Perturbation (LEAP) theory, introduced into topology redesign by Suryatama and Bernitsas (2000), makes it possible to impose several performance constraints simultaneously.
The large admissible perturbation theory was first developed to formulate and solve the redesign problem, which is the process of finding an objective structure which satisfies a set of design goals starting from an initial structure. It has been developed at the University of Michigan since 1983, and it can presently solve large-scale redesign problems allowing for large structural changes without trial and error or repetitive finite element analyses. Hoff and Bernitsas (1985) introduced static and modal dynamic redesign. These two objectives were integrated by Kim and Bernitsas (1990) for redesign, satisfying both objectives simultaneously. Bernitsas and Tawekal (1991) solved the problem of model calibration by LEAP in a cognate space. Stiffened plate and shell elements were added by Bernitsas and Rim (1994) . Bernitsas and Suryatama (1999) improved the static deflection redesign algorithm by introducing static mode compensation. Bernitsas and Blouin (1999) solved the problem of redesign for forced-response amplitude, and static stress redesign was implemented by Kristanto and Bernitsas (2003) . At this stage, large admissible perturbation methods implemented in code REdesign of STRUCTures (RESTRUCT) have been used to solve various redesign problems using spring, truss, bar, beam, plate, shell, solid elements for combinations of redesign constraints on static deflections, modal dynamics, static stresses, and forcedresponse amplitudes.
In this paper, a heuristic evolutionary algorithm is developed to find a new topology which satisfies multiple performance constraints simultaneously in four to five iterations. Each iteration evolves one finite element run and redesign based on large admissible perturbation methodology. To make the structure easy to manufacture, the use of two materials of different values of Young's Modulus is introduced. The advantages of the developed approach are illustrated by several numerical applications, which are all benchmarking problems in the topology design literature. Topology redesign starts from a solid continuum with homogeneous material. The goal is to evolve the topology of a structure in the process of minimizing an optimization criterion while satisfying the performance specifications (constraints). Static displacements u, natural frequencies ω, static stresses σ , and forced-response amplitudes d are typical performance constraints as seen in Fig. 1 .
In 3-D finite element modeling, the baseline solid block is composed of solid elements. The consistent mass matrix of an isotropic element is
where ρ e is the element density, V e is the element volume, and [N e ] represents the interpolation function matrix for each element. For the entire structure, which consists of n e elements, the mass matrix is
which shows that structural mass change can be achieved by changing the element density only. Similarly, the stiffness equation [k e ] of an isotropic solid element is
where E e is the elastic modulus, [D e ] is the constitutive law matrix, and [B e ] is the strain-nodal displacement matrix. Since E e is constant for each element, the stiffness of an element can be modified by changing E e . Assuming that ρ e and E e are constant for each element, their fractional changes, a e , of an element or a group of elements can be used as design variables. Thus, ρ e = ρ e (1 + α ρ e ),
where α ρ e and α E e are fractional changes of ρ e and E e , respectively. Accordingly, the topology optimization problem can be formulated as follows: 
n u static displacement constraints u i = b u i i = 1, 2, . . . n u (8)
